The electronic structure of Alq 3 is investigated using density functional theory-based calculations, photoemission and near-edge x-ray absorption fine structure. The distinct features of the observed spectra are understood in terms of contributions from the different atoms and molecular orbitals. Fingerprints of the molecular bonding and of the individual atoms are identified. These results are meant to be a reference for the monitoring of chemical processes that Alq 3 may undergo during fabrication or degradation of light-emitting devices, and for the understanding of the effects of ligand or metal substitution.
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Tris-͑8-hydroxyquinolate͒-aluminum ͑Alq 3 ) is the key electroluminescent material currently used in organic lightemitting devices ͑OLEDs͒ based on ''small molecules'' 1 .
Since the first report in 1987 2 of an OLED based on Alq 3 , a great effort has been made to control and improve its efficiency and durability, as well as to modify and extend the spectral range of light emission 3, 4 . Our understanding of the electroluminescence mechanism and of the material-specific characteristics of the device is still poor. Here we present a joint theoretical and experimental characterization of the electronic structure of Alq 3 , both in the occupied and in the unoccupied portions of the spectrum. Calculated spectra are analyzed in such a way that all features are ascribed to individual atoms and/or groups of atoms. This offers the unique possibility to use them as fingerprints of site-specific chemical reactions taking place in the device 5 , such as degradation processes at the electrode/organic interface.
The occupied electron states of Alq 3 were investigated with soft x-ray photoelectron spectroscopy ͑SXPS͒ measurements performed with synchrotron radiation at a photon energy of 240 eV using an ellipsoidal mirror analyzer at the undulator beam line 8 at the Advanced Light Source ͑ALS͒, Berkeley. The unoccupied states were probed with near-edge x-ray absorption fine structure ͑NEXAFS͒. Absorption was measured for the C, N, O 1s levels, via the total electron yield mode at the ALS and at the Stanford Synchrotron Radiation Laboratory ͑SSRL͒. The Alq 3 films prepared by sublimation in ultrahigh vacuum were thick enough to suppress substrate emission, but thin enough to prevent charging 6 . Calculations were based on density-functional theory using gradient-corrected exchange correlation functionals 7 , atomic pseudopotentials 8 , and plane waves up to 70 Ry. The results we discuss here refer to the meridianal isomer in the optimized geometry ͑Fig. 1͒ 9 . This is the isomer observed in the crystal structures done so far 10 , and the one that is slightly lower in energy (ϳ4 kcal/mol͒. The properties we discuss here are only marginally dependent on the specific conformation of the molecule 9 . The spectral function of interest is the density of the one-electron states ͑DOS͒, which can be directly compared with valence-band photoemission. Although Kohn-Sham ͑KS͒ levels do not correspond to quasi-particle excitation energies, the DOS generally reproduces the photoemission spectra of molecular solids and semiconductors reasonably well and, in particular, their salient features in the range of a a͒ For sake of comparison with the experiment, the discrete levels were broadened, using a Gaussian function with ϭ0.5 eV. The ͑P͒DOS was also shifted so that the energy of the leading maximum matches that observed in the experiment. The DOS and PDOS below and above E F are illustrated in Figs. 2 and 3 , respectively. The former compares well with the photoemission peaks: both shape and sequence are reproduced for at least 10 eV below the highest occupied molecular orbital ͑HOMO͒. Because Al is stripped of its valence electrons, its contribution to the DOS is negligible. The weak orbital density in Fig. 2͑b͒ around Al corresponds to states on the ligands that are strongly polarized towards the central ion. The highly ionic character of the ligands-Al interaction accounts also for the instability of Alq 3 towards hydrolysis 11 . The peak at the highest binding energy in the photoemission spectrum (Ϫ28 to Ϫ22 eV͒ arises from the 2 s component of the bonding between O and N and the neighboring C's. The PDOS distinguishes between O and N components that merge into a single peak in the observed spectrum. The region between Ϫ21 and Ϫ7 eV corresponds to the remaining backbone. In fact it is dominated by carbons, and has contributions from hydrogen. More specifically, this region is divided into C 2s (Ϫ21 to Ϫ11 eV͒ and C 2p (Ϫ11 to Ϫ7 eV͒ components. The states start to contribute at Ϫ9.5 eV. The N and O sp 2 -and sp 3 -derived lone pairs pointing towards Al are at Ϫ7 eV ͑right-hand shoulder of the peak at Ϫ7.3 eV͒ and at Ϫ5.4 eV, respectively. Therefore, both features can be considered fingerprints of the metal-ligands interactions.
Both the occupied and unoccupied states of Alq 3 near the HOMO-LUMO gap group into sets ͑''triplets''͒ that have the same orbital character on each of the three ligands. A crucial feature is that the HOMO set is localized mainly on the phenoxide side of the ligands, whereas the lowest unoccupied molecular orbital ͑LUMO͒ set ͑I͒ ͓Fig. 3͑a͔͒ on the pyridyl side. This is reflected in the PDOS ͓Figs. 2͑b͒ and 3͑b͔͒: only a weak contribution comes from N to the photoemission peak at the lowest binding energy, and from O to the lowest peak in the spectrum of the unoccupied states. This implies that oxidizing agents will attack the molecule at the phenoxide side of the ligands, reducing agents at the pyridyl side. The LUMOϩ1 ͑II͒ and LUMOϩ3 ͑IV͒ sets are more uniformly distributed on the two sides ͓Fig. 3͑a͔͒. Interestingly, the LUMOϩ1 set ͑II͒ vanishes on both N and O, whereas the LUMOϩ2 ͑III͒, although more localized on the phenoxide side, has a similar amplitude on both of them, Fig.  3͑a͒ . The contribution of Al to these unoccupied states is vanishingly small. Thus no direct role of the metal atom can be claimed in light-emission processes of Alq 3 .
For the empty states the ideal experiment with which to compare the DOS would be inverse photoemission. Unfortunately, because of the low photoemission probability and hence the high electron bombardment required, Alq 3 undergoes decomposition under experimental conditions. However, an atom-resolved spectroscopy for the unoccupied states is NEXAFS, as shown in Fig. 4 for C, N, and O. By exciting electrons from a specific atomic core, NEXAFS probes dipole-allowed transitions to the virtual states and the localization of the latter. The position of the levels relative to E F can be estimated by subtracting the binding energy of the core state from the photon energy.
A rather detailed interpretation of the core photoabsorption function is provided by
c refers to 1s core states and the sum runs over all the atoms, k, of a given species and over the empty KS molecular or- bitals, i. Core atomic wave functions c k were derived from an all-electron calculation 12 of the optimized structure 9 . Equation ͑1͒ neglects several many-body effects, e.g. electronic relaxation and electron-hole interaction. Comparison with experiment can be made easier by simply aligning the first experimental and calculated peaks. The relative shifts of the C, N, and O first peaks result mainly from a different strength of the electron-hole attraction 13 . The largest shift pertains to N, where the amplitude of the LUMO is higher. Examination of the individual orbitals and analysis of the transitions in terms of couplings of all the different atoms in the molecule provide a complete explanation of the excitation spectrum over a range of ϳ5 eV ͑see Fig. 4͒ . This involves transitions to the * states of the LUMO ͑I͒, LUMOϩ1 ͑II͒, LUMOϩ2 ͑III͒, and LUMOϩ3 ͑IV͒ ''triplets.'' We do not consider higher energies because our scheme becomes less accurate. Moreover, this portion of the excitation spectrum does not appear to be atom specific and thus is of limited interest to the purpose of this work.
In the case of carbon, the 1s levels of the chemically distinct atoms are spread over Ϸ1.9 eV ͑about a center of gravity ⑀ C1s ) and correlate with the Mulliken atomic charges q k . If we consider E c ϭ ⑀ C 1s in Eq. ͑1͒ for all C's, ␣ C (E) consists of four well-resolved peaks, fully analogous with the C-projected DOS in Fig. 3͑b͒ . However, the experimental situation, illustrated in Fig. 4 , is more complex. Owing to the splitting of the core levels, the photoabsorption peaks involve the mixing of diverse transitions. Nevertheless, the main components can be assigned. The first peak observed is dominated by transitions to the LUMO of the C3 atoms in the pyridyl rings ͑see Fig. 1͒ (⑀ C 1s Ϸ ⑀ C 1s ; qϭϪ0.03). The second is a mixture of transitions to the LUMO ͑I͒, LUMOϩ1 ͑II͒, and LUMOϩ2 ͑III͒ sets, with the maximum relative intensity pertaining to the C 1s→ LUMOϩ2 ͑III͒ of the C5 atoms of the phenoxide rings ͑Fig. 1͒ (⑀ C 1s Ϸ⑀ C 1s ϩ0.8 eV; qϭϪ0.07). The third is mainly due to transitions to the LUMOϩ2 ͑III͒, especially from the C8 atoms ͑Fig. 1͒ (⑀ C 1s Ϸ ⑀ C 1s Ϫ0.8 eV; qϭ0.2).
In contrast, excitations from both N and O correspond to narrower peaks, because the three N's and three O's are almost equivalent chemically, and the spread of the 1s energies is one order of magnitude smaller than that of C. Thus, different one-electron transitions do not overlap, facilitating the interpretation of NEXAFS. In the case of nitrogen, the first intense peak is due to N 1s→ LUMO transitions, the less intense second and third features to the N 1s→ LUMOϩ2 ͑III͒ and N 1s→ LUMOϩ3 ͑IV͒, respectively, whereas the N 1s→ LUMOϩ1 ͑II͒ transition is missing. This result agrees with the considerations above, namely that the LUMO ''triplet'' ͑I͒ is mainly on the pyridyl side of the rings and polarized towards N, whereas the LUMOϩ1 ͑II͒ states have components only on the C's. The relative intensities simply correspond to the relative participation of N in the specific orbitals. In the case of oxygen, the two peaks observed correspond to transitions to the LUMO ͑I͒ and LUMOϩ2 ͑III͒, respectively. The transition to the LUMOϩ1 ͑II͒ is missing, as for N, and transitions to higherenergy * states are hidden in the spectral region. The relative intensities can simply be explained in terms of the relative amplitudes of the LUMO ͑I͒ and LUMOϩ2 ͑III͒ on O.
In conclusion, photoemission and NEXAFS data combined with theoretical atom-resolved spectra and a detailed description of the electronic states have provided a complete picture of the orbital structure of Alq 3 . This opens the way to a precise monitoring of the organic through similar measurements. In fact, on the basis of the spectra presented here, one can now characterize site-specific reactions or interactions that Alq 3 may undergo in a device, identify specific effects of chemical substitutions, and ultimately help control and enhance device performance.
